Eosinophilic granulocytes are major effector cells in inflammation. Extracellular deposition of toxic eosinophilic granule proteins (EGPs), but not the presence of intact eosinophils, is crucial for their functional effect in situ. As even recent morphometric approaches to quantify the involvement of eosinophils in inflammation have been only based on cell counting, we developed a new method for the cell-independent quantification of EGPs by image analysis of immunostaining. Highly sensitive, automated immunohistochemistry was done on paraffin sections of inflammatory skin diseases with 4 different primary antibodies against EGPs. Image analysis of immunostaining was performed by colour translation, linear combination and automated thresholding. Using strictly standardized protocols, the assay was proven to be specific and accurate concerning segmentation in 8916 fields of 520 sections, well reproducible in repeated measurements and reliable over 16 weeks observation time. The method may be valuable for the cell-independent segmentation of immunostaining in other applications as well.
Introduction
Eosinophilic granulocytes are major effector cells in many diseases, but especially in allergic inflammation [8, 24] . Many recent studies substantially increased our knowledge of eosinophil activation and the regulation of eosinophilia by cytokines, chemokines and other inflammatory mediators like IL-5, GM-CSF, C5a, RANTES, Eotaxin and 5-oxo-eicosanoids [7, 13] . Accordingly, the important involvement of eosinophils, especially in T-helper-cell type 2 reactions (Th2), e.g., in atopic dermatitis and allergic bronchial asthma, is well established. The participation of eosinophils in allergic inflammation is complex, but release of reactive oxygen species and toxic eosinophilic granule proteins (EGPs) followed by local propagation of inflammation and tissue damage is most important. This extracellular tissue deposition of EGPs, expressing complete cellular activation and degranulation, but not only the presence of intact eosinophils is crucial for their functional effect in situ.
Due to easy accessibility, tissue deposition of EGPs has been mainly studied in skin biopsies. It has been shown that cytolysis is likely the usual mechanism of eosinophilic granule protein release [6] . In tissue sections, eosinophils are characterized and identified by the staining properties of their specific granules. Consequently, eosinophils are usually no longer identifiable in tissue after complete activation and degranulation, and conversely, visible eosinophils are not likely to be completely activated. Thus, eosinophil involvement in inflammation can not be judged by the number of intact eosinophils. As has been shown by immunofluorescence studies, at least in many inflammatory skin diseases, the deposition of granule proteins is vastly out of proportion to the number of identifiable cells [14] .
In contrast to these findings, almost all morphometric approaches to quantify eosinophilia in tissue are based on cell counting, even very recent ones using image analysis [3, 9, 18] . To get a parameter for the involvement of eosinophils in inflammation that gives more evidence than cell counting, we intended to develop a method for the cell-independent quantification and localization of EGPs in skin biopsies by image analysis of immunostaining.
Material and methods

Material
Skin punch-biopsies (3-4mm ∅) were taken with informed consent of patients suffering from atopic dermatitis (n = 25) or psoriasis (n = 26) during of a clinicopathological study on involvement of eosinophils in the inflammatory skin reaction (detailed data in preparation). After immediate fixation in 4% neutral buffered formalin the material was processed to routine paraffin embedding using automated devices (Pathcentre and Histocentre 640CX51 Shandon, Astmoor, UK). Serial sections with a thickness of 3 µm were further processed for immunostaining and image analysis. Biopsies of inflammatory skin diseases with many eosinophils visible in most high power fields (40× objective) of hematoxylin and eosin sections were used as positive controls (e.g., arthropod reactions, bullous pemphigoid).
Immunohistochemistry
Highly sensitive immunohistochemistry was performed with an automated immunostainer (Horizon, DAKO A/S, Glostrup, Denmark) using an indirect streptavidin-biotin method following the standardized MSAPE-protocol of the provider (DAKO).
Four different primary antibodies against eosinophil granule proteins were applied: EG1 against eosinophilic cationic protein (1 : 300, Kabi Pharmacia, Piscataway, NJ); EG2 against both, eosinophilic cationic protein (ECP) and eosinophil-derived neurotoxin / eosinophil protein X (1 : 300, Kabi Pharmacia); MBP against major basic protein (clone BMK13, 1 : 10, Cymbus, Southampton, UK) and EPO against eosinophil peroxidase (1 : 75, Calbiochem Novabiochem, San Diego, CA). 2 sections were stained with each antibody in each of the 51 cases.
Pretreatment for antigen retrieval was performed by gentle cooking overnight at a temperature of 68
• C in antigen retrieval solution (DAKO) and in addition with proteinase K; for the EPO-reaction only proteinase K was used. The positive controls were processed in exactly the same way, negative controls were provided by omission of the primary antibody. Since brown endogeneous pigments (melanin and sometimes siderin) are found in every skin biopsy, brown diamino benzidine (DAB), the usually applied chromogen in image analysis, could not be used. Instead, staining with the bright red newfuchsin was done. To facilitate image analysis, no counterstaining was applied.
Image analysis
Image analysis of the immunostained sections was performed with the software analySIS 3.0 pro, dual monitor version (Soft imaging system, Münster, Germany) and the following hardware components: BH2 microscope with SplanApo objectives (20×/0.7 or 40×/0.7) and 1.67× photoprojective in a 0.3× tube (Olympus Optical Europe, Hamburg, Germany); high resolution 3CCD colour video camera (DXC 950, Sony Electronics, Japan); Meteor framegrabber (Matrox Electronic Systems, Quebec, Canada) and a Pentium-PC with Windows NT 4.0 workstation.
The immunopositive area fraction (IAF[%]) was selected as main parameter for the assessment of EGPdeposition. IAF was determined in two different ways: one routine was performed for the evaluation in the total area (MeanIAF of all measured fields) and one for the high power field with the focal maximum area fraction (MaxIAF). IAF was found to be considerably influenced by sampling within the section in preceding measurements. Thus, the following standardized sampling strategies were applied. Concerning MeanIAF, the device of serial field selection was chosen [22] . After determination of the middle of the section at the surface (stratum corneum) by image analytic measurement, sequential images were grabbed using the 20× objective moving along a central line from the stratum corneum towards subcutis. Two fields on both sides of the central line with a width of 632.55 µm and a depth of 464.24 µm were measured in up to 10 levels of depth (Fig. 1) . The MeanIAF was calculated from the measurements in all non-overlapping fields. For the determination of MaxIAF, a selective sampling strategy was used by scanning the whole section with the 40× objective. Segmentation was as often performed as nec- essary to find the field with the maximum immunoreactivity.
The following image analysis procedure based on methods developed by Smolle [23] and Ruifrok [19] was applied in every field:
1. Additive shading correction. 2. Dual translation of the true colour image to 8-bit grey scale: one in the inverted red channel of the red-green-blue colour space (Rinv) and the other in the saturation channel of the hue-saturationintensity colour space (S). 3. Linear combination of Rinv and S according to:
with GVrinv and GVs representing the grey values in the two translated grey scale pictures, respectively, and GVres representing the resulting grey value of a given pixel.
Segmentation of the immunopositive particles
in the resulting grey scale picture (Res) by automated thresholding; a module for automated thresholding is implemented in the software, uses t-test statistics and is based on the method of Otsu [17] . 5. Automatic calculation of the immunopositive area fraction (MeanIAF or MaxIAF) by the software.
6. Automatic calculation of a set of grey value parameters with arbitrary units (0-255) for characterization of the resulting grey scale picture.
For the determination of Mean-and of MaxIAF respectively, we developed two sets of macros to standardize the whole measurement process including: calibration of microscope and camera; presets of image and data handling; determination of the middle of the biopsy; image analysis in every field following steps 1 to 6 as listed above; generation of a table of results and storage of this table together with the original true colour images of all measured fields in a data bank.
Mainly for quality control purposes, the following two grey scale parameters, that were calculated automatically by the software, were further evaluated in addition: total mean grey value (MGROI) and mean grey value of the immunopositive particles that were detected by segmentation (MGIP). For the evaluation of the total area sampling, the following values were calculated out of the field measurements: mean immunopositive area fraction (MeanIAF), total mean grey value (MGROI) and mean grey value of the immunopositive particles (MGIP). Similarly, the following parameters were measured for the assessment of the focal maximum immunoreactivity in high power field (HPF): Immunopositive area fraction (MaxIAF), total mean grey value (MaxMGROI) and mean grey value of the immunopositive particles (MaxMGIP).
Evaluation of the method
Specificity and accuracy of the segmentation in the resulting grey scale picture (Res) of every field were controlled by visual comparison with the immunostaining in the original true colour image. This procedure was included in the macro routines and was facilitated by the dual monitor system, that gives the opportunity to inspect both pictures simultaneously (Fig. 2) . Including 51 cases and positive controls in addition, image analysis was performed and evaluated for specificity and accuracy on 6576 fields with the 20× objective and on 2340 high power fields in 520 sections altogether.
Reproducibility of the results was evaluated by the following experiments using sections of the positive controls:
(1) Repeated measurements of the same immunostained section on different days (REPIMAGE). To look for the variability of sampling within the section and of image analysis, 6 immunostained sections (2× EG1, 2× EG2, 1× MBP and 1× EPO) were repeatedly measured. Each section was analyzed 10 times with the routine for the assessment of the total area (parameter MGROI, MGIP and MeanIAF) and 10 times with the routine for the evaluation of focal maximum immunoreactivity (parameter MaxMGROI, MaxMGIP and MaxIAF, see Section 2.3).
(2) Interobserver variability. Pairwise independent measurements of the same immunostained section were performed by two of the authors (K.F. and P.K.) with the routine for the assessment of the total area (parameter MGROI, MGIP and MeanIAF).
(3) Measurements of sequential sections of the same biopsy stained with the same antibody on different occasions (VARTOTAL). For each antibody, one biopsy was selected, and sequential sections were cut. Immunostaining followed by image analysis of 3 sections (one for each antibody) was performed about once per week within a period of 16 weeks in total to look for the total variation of the mean grey values MGROI and MGIP and the mean immunopositive area fraction IAF during a longer period of time. As multiple sections out of one biopsy were evaluated, the results of this experiment are influenced by sampling within the biopsy in addition to sampling within the section (compare REPIMAGE-experiment). Immunostaining and image analysis contribute to the variability of the results, but each showed different effects on the measured parameters in pre-experiments. Mean total grey value (MGROI) is likely to be least of all influenced by sampling, and intensity of immunostaining has minor effects, if the immunostained area fraction is small. Thus, variation of MGROI can be espe-cially considered as a parameter for the overall performance and stability of the image analytic system and of background staining. In contrast, mean grey value of the immunopositive particles (MGIP) may depend to some degree on sampling, but is mostly influenced by the intensity of immunostaining and, in addition, e.g., by threshold setting. Mean immunopositive area fraction (MeanIAF) was found to be most of all influenced by sampling due to inhomogeneous distribution of the immunostained particles within tissue.
Results
Specificity, accuracy and ergonomics
As shown in Fig. 2 , a very accurate correspondence between the immunostained particles in the true colour pictures (Fig. 2(A, C) ) and the particles detected by image analysis (red overlay in Fig. 2(B, D) was achieved. In 520 sections of inflammatory skin diseases that were evaluated so far, the automatic segmentation was found to be specific by visual comparison between immunostaining and the result of segmentation in 8916 fields (6576 fields with the 20× objective and 2340 high power fields). Especially unwanted detection of unspecific, but to some degree unavoidable background staining was not seen (Fig. 2(A, B) ). In addition, undesirable segmentation of brown endogeneous pigment (mostly melanin, sometimes siderin) could be nearly completely avoided (Fig. 2(C, D) ). Only a few heavily pigmented melanin or dust particles sometimes had to be interactively. This correction step was routinely included in the two sequences of macros and was the only interactive one in the image analytic procedure. Concerning ergonomics, the whole image analytic process for one field than 10 seconds on our system, including grabbing, shading correction, image translations/-combination, automated thresholding, particle detection and generation of the table of results. More time consuming was the standardized sampling procedure within the section including orientation of the slice, determination of the starting point and changing of fields, as well as elimination of artefacts if necessary and storage in the data bank. However, a measurement of a whole section with about 14 fields can be done within 7 minutes by a trained person.
Reproducibility
Repeated measurements of the same
immunostained section on different days (REPIMAGE) 120 measurements in total were performed on 6 immunostained sections. The results are summarized in Table 1 . Very little variability with CV values far below 1% was found in these repeated measurements for the mean grey values of the total area (MGROI) and of the field with the maximum immunoreactivity (Max-MGROI). As these parameters are least influenced by sampling, this speaks in favour of a good overall performance and stability of the image analytic system. Moreover, the variability of the mean grey values of the immunopositive particles (MGIP; MaxMGIP) and of the area fraction parameters (MeanIAF; MaxIAF) was very acceptable as well (CV 5%).
Interobserver variability
On 12 sections, three for each of the four antibodies (EG1, EG2, MBP and EPO), pairwise measurements in 72 fields in total were independently performed by two observers. The results concerning the mean grey value of the total area (MGROI) and of the immunopositive particles (MGIP) as well as the mean immunopositive area fraction (MeanIAF) are shown in Table 2 . It can be seen that the deviation of the two measurements from the mean is small and below 5% for all measurements and parameters. As in the REPIMAGE experiment, the smallest variation was found for MGROI, this parameter appears to be nearly free of observer bias. Regarding MGIP and MeanIAF, the differences between the observers are slightly greater, but the concordance is still very satisfactory.
Measurements of sequential sections of the same biopsy on different occasions (VARTOTAL)
44 sequential sections out of 3 different biopsies were immunostained with the antibodies EG1 (n = 15), EG2 (n = 15) or MBP (n = 14) and evaluated within a 16-weeks period by image analysis (554 fields). As can be seen in Fig. 3 , the variability of the mean grey values of the total area (MGROI) was very low for immunostaining with each of the three antibodies and not exceeding CV values of 2.1%. More, but overall very acceptable variability regarding a 16 weeks period was found for the mean grey values of the immunopositive particles (MGIP) with CVs of about 6% (Fig. 3) . Most variation was found for the immunopositive area fraction (IAF) in this as- say of multiple sequential sections (Fig. 4) . For a biopsy with rather large content of eosinophilic granule proteins (biopsy immunostained with EG1), this was less remarkable with a CV of about 8%, and by calculation of a running mean (RM) very acceptable variation could be achieved (mean CV of RM in all measurements 2.7%, see Fig. 4 ; maximum CV of RM in any of the measurements 2.8%, data not shown). However, in the two biopsies with rather low total content of eosinophilic granule protein, immunos- 
Discussion
Extracellular tissue deposition of reactive oxygen species and eosinophilic granule proteins (EGPs) is the most important local effector function of eosinophilic granulocytes [7, 13, 24] . However, a quantitative morphometric approach for the cell-independent assessment of EGPs in situ is lacking to date. Even recent assays using image analysis for cell counting of eosinophils [3, 9, 18] do no consider that eosinophils are no longer identifiable in tissue after complete activation and degranulation, with the consequence that eosinophil involvement in inflammation cannot be judged by the number of intact eosinophils. This has been clearly shown by immunofluorescence studies, especially of inflammatory skin diseases [14, 15] . However, these immunofluorescence studies are semiquantitative at best, scoring visual analogue grades, that are a complex composition of intensity and distribution of immunofluorescence [6] . Ordinal scales of that kind are likely to be less reproducible and objective than quantitative morphometry [2, 25] and probably as a consequence, results of such immunofluorescence studies have not been published by many different groups.
Quantitative immunohistochemistry using image analysis is increasingly applied in pathology, e.g., for the assessment of tumour cell proliferation or the estimation of hormone receptor expression in oncology [4] . Most publications concerning the quantitative evaluation of immunostaining have found good correlation with biochemical results, where careful standardization of the assays was performed, e.g., in molecular markers of breast cancer [5] . Moreover, in contrast to biochemical analyses or immunoassays for the determination of ECP [26] , quantitative immunohistochemistry allows studying the local organization of inflammation and their regulation, even in small samples of tissue. This is a prerequisite for pat-tern analysis, which represents the basis for dermatohistopathological analysis of inflammatory skin diseases [1] . Thus, we intended to develop a method for the cell-independent quantification and localization of eosinophilic granule proteins based on automated image analysis of highly sensitive immunostaining, that gives more evidence for the involvement of eosinophils in inflammation than cell counting, is more reproducible and objective than immunofluorescence and allows one, in contrast, e.g., to biochemical assays and flow cytometry to analyse the local organization and regulation of inflammation in skin and other tissues.
Many different methods have been applied for the immunohistochemical quantification of cellular properties based on nuclear, cytoplasmatic or membranous staining, mainly intending to quantify the immunolabelled area fraction and/or the staining intensity by densitometry [11] . However, applications for the cell-independent evaluation of immunostaining, possibly suitable for the quantification of eosinophilic granule proteins are rare. Most interesting was the method successfully used by Furness et al. [10] for the semi-automatic quantification of macrophages in renal biopsies. Similar to this strategy, we selected the immunopositive area fraction (IAF) as main parameter for the assessment of EGP-deposition. The mean as well as the focal maximum IAF were assessed in two different routines. Concerning MeanIAF, the spatial relationships of immunostaining are also of interest. Consequently, we chose the device of serial field selection (see Fig. 1 ), which gives a cross-sectional representation of the immunostaining distribution within the section for sampling [22] . The main problem concerning the specificity of segmentation was unwanted detection of brown endogeneous pigment in skin (mostly melanin, sometimes siderin). Thus, we found the use of bright red newfuchsin instead of diamino benzidine (DAB), which is the usually applied chromogen in image analysis, to be a prerequisite for successful discrimination between endogeneous pigment and specific immunostaining. Counterstaining, an issue not fully resolved in image analysis [11] , is not necessary for this cell-independent assay and could be omitted. Using the analySIS 3.0 pro software, various attempts were made to perform segmentation by interactive thresholding in true colour pictures of the redgreen-blue (RGB), as well as in the hue-saturationintensity (HSI) colour space. However, though it was perfectly possible to perform specific segmentation of the bright red immunostaining avoiding unwanted detection of brown endogeneous pigments, the reproducibility was not acceptable. This was mainly due to bias of interactive thresholding, a well-known problem in image analysis [12, 16, 20] . Especially the occurrence of poorly outlined particles and fading of colour at the edges of particles resulted in considerable differences in interactive threshold setting. The use of fixed external thresholds may be a possible solution for this problem [27] , but automatic thresholding is the best way to avoid observer bias [21] . Automatic thresholding, based on the method of Otsu [17] , is implemented in the analySIS 3.0 pro software and is also available in the widely used public domain image processing program NIH-Image for the Macintosh workstation. However, it is only suitable for grey scale pictures. Consequently, we adapted the methods of Ruifrok [19] and Smolle [23] for our setting by translation of the true colour pictures to grey scale in two different channels, followed by linear combination and finally automated thresholding in the resulting grey scale picture. Out of different approaches, the combination of the inverted red channel of RGB and the saturation channels of HSI was found to be best and highly specific in automatically discriminating between red immunostaining on the one hand and unwanted background as well as brown endogeneous pigment on the other hand (Fig. 2) . By visual comparison between immunostaining and the result of segmentation, the automatic segmentation was found to be specific in nearly 9000 fields with low and high content of EGPs that were have measured so far.
The reproducibility of the method was evaluated in three different experiments. The first was done to look mostly for variation caused by sampling within the section and image analysis (REPIMAGE). In addition, we examined interobserver variation in a series of pairwise measurements, and the most comprehensive experiment (VARTOTAL) was performed to look for stability of the measurements within 16 weeks. Significant variations of immunostaining and image analysis are most likely to appear in practice during this rather long of time period. However, as this latter experiment was performed on sequential sections, the variations in these results may not only be caused by the measurement method, but in addition by a possible inhomogeneous distribution of granule protein deposition within the biopsy. Immunopositive area fraction was used as main target parameter for the evaluation of EGPdeposition. Measurements of optical density were not performed for this purpose. Densitometric evaluation of immunohistochemical staining on slides is possible, but there are many problems concerning standardiza-tion, e.g., the requirement of corrective factors for section thickness to assure comparability [16] . Instead, we used two different, simple grey value parameters, the mean grey value of the total field area (MGROI) and the mean grey value of the immunopositive particles (MGIP) for quality control purposes. In all three experiments very low variation was found for MGROI (Tables 1, 2, Fig. 3 ). Concerning MGIP, the variation was similarly acceptable in repeated measurements of the same immunostained section (CV < 5%) and concerning interobserver variability (Tables 1 and 2 ). This speaks in favour of a good overall performance and stability of the automatic image analytic system including thresholding. Similarly, acceptable stability was found for the immunopositive area fraction (IAF) in the REPIMAGE experiment (CV 5%; Table 1 ) as well as concerning interobserver variation (Table 2) . Differences between the observers regarding MGIP and MeanIAF (Table 2 ) are most likely due to minor differences in sampling and elimination of dust particles or endogeneous pigment -the only interactive steps in the routine. Taken together, the sampling strategy within the section as well as the total image analytic process appear to be standardized and precise enough to get highly reproducible results throughout repeated measurements.
In the most comprehensive experiment VARTOTAL, the variation of MGROI was found to be very low again (maximum CV 2.1%, Fig. 3 ). This speaks in favour of a good standardization of the staining procedure, especially concerning unwanted background staining, as well as a good overall performance and stability of the image analytic system over a longer time period. The mean grey value of the immunostained particles (MGIP) mostly reflects the intensity of immunostaining, even if this parameter is also influenced by image analysis, especially thresholding. Variation of MGIP was acceptable regarding the long observation period of this experiment (CV for MGIP about 6% over 16 weeks, Fig. 3 ). In contrast to the mean grey value parameters, the mean immunopositive area fraction (IAF) was found to show more variation in this VARTOTAL-experiment, especially in biopsies with low total amount of granule protein deposition (Fig. 4) . As could be assessed by additional visual comparison of the sequential sections, this higher variation was mainly due to inhomogeneous distribution of the small amount of total granule proteins between the sections.
In conclusion, a good accuracy, reproducibility and reliability, even over a long observation period of 16 weeks, could be achieved for the total assay including immunostaining and image analysis. However, inhomogeneous distribution of eosinophilic granule proteins within tissue has to be taken into account concerning the evaluation of the immunopositive area fraction (IAF), especially in cases with low total amount of protein. As a consequence, sampling within the biopsies and within the sections has to be performed carefully. However, to be able to detect such distributional variation is an advantage of quantitative immunohistochemistry in contrast, e.g., to biochemical assays [5] , since it allows evaluating local mechanisms of regulation, e.g., in inflammation, even in small samples of tissue.
Standardized and detailed protocols for sampling, immunostaining and image analysis, as far as possible using automated devices including automated thresholding were found to be crucial. Under these conditions, image analysis of immunostaining using colour translation, linear combination and automated thresholding was found to be suitable for the specific detection and quantification of eosinophilic granule proteins in skin biopsies.
The assay may be suitable for the cell-independent evaluation of immunostaining in other applications as well.
